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The pre-andpostoperative patterns of coronary artery collateral circulation have been studied in 34 patients who had saphenous vein bypass grafting. When the graft remained patent homocoronary collaterals could not be visualized after operation, but new intercoronary anastomoses frequently developed to other diseased arteries. When the graft and the bypassed artery were both obstructed there was a high incidence (5 out of II) of myocardial infarction despite good preoperative collaterals.
Selective coronary arteriography with modem radiological apparatus allows vessels of ioo urn in diameter to be well visualized (Gensini and Da Costa, i969) , SO that coronary collateral vessels can be accurately delineated in man during life (Gensini and Da Costa, I969; Sheldon, I969; Helfant, Kemp, and Gorlin, I970) . The fate of the coronary collateral circulation after myocardial revascularization both in successful and unsuccessful surgery is not well documented. This study has been carried out with the purpose of examniing the behaviour of the coronary collateral circulation after aortocoronary saphenous vein bypass grafts in a group of patients who underwent routine postoperative study.
Subjects and methods
There were 34 patients in the series of whom 28 were men and 6 were women. All patients had coronary saphenous vein bypass surgery for symptoms of severe ischaemic heart disease which were unresponsive to medical therapy. The site of the graft origin from the aorta was marked at surgery with a small opaque marker, as an aid to restudy.
Coronary arteriography was performed before operation and repeated between 2 and 14 months after operation together with saphenous vein graft angiography. In 8 patients at the postoperative study, the venous graft could not be selectively entered despite knowledge of its origin. An aortogram was performed which showed no evidence of graft patency, and in these patients the graft was considered to be occluded. Graft occlusion was con- The radiographic equipment was a Philips unit which included a rotating couch, a 6-inch (15.24 cm) image intensifier, and an Eclair CV35 Cameflex camera operating with a speed ranging from 24 to 120 frames/second. Kodak XX negative films were used and they were commercially developed and printed. The images were magnified to approximately 24 times the natural size and the films were analysed on a Tage Arno projector.
According to a radiographic classification (Gensini and Esente, I972) the coronary collateral circulation was divided into 3 types: homocoronary, intercoronary, and mixed. A homocoronary collateral circulation was considered to be present when, together with proximal occlusive disease, the distal filling of one or more branches of the injected coronary artery could be seen to occur through visible anastomotic pathways.
Filling of one or more segments of a diseased coronary tree distal to an occlusive lesion from selective injection of the contralateral coronary artery was accepted as evidence of an intercoronary collateral circulation. In the vast majority of these cases, clear anatomical connexions between the distal ramifications of the left and right coronary artery were seen.
A mixed coronary collateral circulation was considered to be present when, together with a homocoronary functioning anastomotic pathway, an intercoronary collateral circulation was established from one of these anastomotic pathways, i.e. a mixed coronary collateral circulation was not the simple association of a homo- Occluded grafts Twenty-one arteries received grafts which were classified as occluded at the postoperative study. In 5 the bypassed artery showed some anterograde flow after injection of the main stem, both before and after surgery. Of these 5, 4 had demonstrable collaterals before operation, and all 5 had them at the postoperative study. In 4 of these 5, therefore, the insertion of a graft which occluded made little, if any, difference to the collateral circulation. In the remaining I6 there was no anterograde flow through the stenosis postoperatively, though this had been demonstrated in ii preoperatively. Twelve of the i6 had collateral filling before bypass grafting, and IS afterwards.
Overall, i6 of these 2I arteries showed some anterograde flow through the stenosis before operation, but in ii (69% of the i6) the arterial stenosis had blocked completely by the time of the postoperative study. Despite good collaterals 5 patients developed myocardial infarction in relation to surgery. This suggests that the pre-existing collateral filling was inadequate to maintain perfusion and new collaterals could not develop quickly enough to prevent muscle death.
Types of collateral flow When the bypass graft was patent the collateral circulation could not usually be identified postoperatively, and this situation applied whether the existing pattern was homocoronary or intercoronary. In i6 patients with 2 patent grafts collateral circulation to 32 arteries was shown preoperatively.
The effects of surgery are shown in the Table. In addition 5 new collateral pathways from the bypassed arteries to other diseased (non-bypassed) vessels were demonstrated.
In the 5 patients where no bypass graft was patent there was an increase in intercoronary patterns from I2 before operation to i6 afterwards. Five homocoronary and 2 mixed patterns remained unchanged.
There were I3 patients in whom one graft remained patent and one blocked. Preoperatively we demonstrated i i homocoronary collateral systems, 17 intercoronary, and 2 mixed. Postoperatively i6 new intercoronary systems were shown in I2 patients: these were from the distal area of the bypassed artery to the peripheral branches of the artery with a non-patent graft (Fig.) . In the remaining 4 new collateral systems were between other vessels not associated with the successfully bypassed artery. The original collateral vessels were It has been shown experimentally that during long-standing obstruction of a coronary artery in an otherwise normal animal heart, the flow through the anastomoses increases progressively, and that, whatever is the fundamental initiating factor, ligation of the artery represents a permanent stimulus to a progressive dilatation of the coronary anastomoses (Blumgart et al., 1950; Blum, Schauer, and Calef, I938; Burchell, I940). When chronic occlusive disease affects human coronary arteries a situation in some ways similar to that of the experimental coronary ligation is established and presumably the same haemodynamic process develops. Postmnortem studies have shown that in states associated with chronic myocardial hypoxia, anastomoses of I to 2 mm in diameter are commonly found (James, I96I) . In the vast majority of our patients, who had several years' history of angina, large and tortuous anastomoses were seen preoperatively. However, with one exception, in those patients in whom the inserted grafts were functioning well, all the coronary collateral pathways which were present before surgery could not be visualized at further study. These findings strongly suggest that once adequate anterograde flow is established in an occluded vessel to an area previously supplied by collateral anastomotic pathways, the blood-carrying function of the collateral vessels is no longer maintained. This does not necessarily imply anatomical changes in the anastomotic vessels, but their radiological disappearance suggests that they may revert to their primitive role of non-functioning vessels and presumably become 'functionally closed'. One explanation for this is that a significant pressure gradient between the coronary arteries represents the main factor for the functional opening of collateral channels, and that the radiological disappearance of collaterals between 2 bypassed arteries with well-functioning grafts implies the cancellation of that pressure gradient.
In some of the patients in whom collateral path-ways, visible preoperatively, have disappeared postoperatively, new collateral channels have been visualized at restudy. This can be explained by the fact that, when good flow is re-established by means of the graft, a new pressure gradient is established between the bypassed artery and other stenosed non-grafted arteries. A similar situation occurred in our patients in whom only i of 2 grafts remained patent; new collaterals commonly developed from the revascularized area to the branches of the artery with a failed graft. Five out of i8 patients in whom the grafts were occluded developed myocardial infarction postoperatively in the territory of distribution of the grafted arteries. All these 5 infarcts occurred in the ii patients who had shown some anterograde flow through the stenosis preoperatively. In each of the 5 patients with infarction the arteries showed postoperative loss of anterograde filling, but good collateral filling. This finding strongly suggests that a good collateral circulation in an ischaemic area of the myocardium does not necessarily protect against necrosis (Helfant et al., I97i) . This finding is relevant to the rate of change in the collateral circulation. The collaterals rapidly vanish after successful revascularization and presumably have shut down, rather than occluded: this implies that the vessels could open up to provide an immediate blood flow to the area should a new occlusion of the coronary artery occur. However, when a stenosed coronary artery closes completely in relation to surgery and the bypass graft also blocks, there is no pre-existing collateral circulation available, and myocardial infarction is very likely.
Conclusions
Successful coronary artery bypass surgery leads to a disappearance of collateral vessels which previously supplied ischaemic areas. A patent functioning graft also allows the development of new collateral vessels from the grafted vessel to other stenosed non-grafted vessels or to other vessels receiving occluded grafts. If surgery is unsuccessful, i.e. if the inserted grafts (one or more) are occluded there is no change in the pattem of preoperative collateral vessels. If the graft is unsuccessful and there is further stenosis or a total block of the vessel at the site of graft insertion new collaterals may grow towards the grafted artery. The presence of these new collaterals does not necessarily protect against myocardial infarction in that area. 
